Signaling of the prototypical G protein-coupled receptor (GPCR) rhodopsin through its cognate G protein transducin (G t ) is quenched when arrestin binds to the activated receptor. Although the overall architecture of the rhodopsin/arrestin complex is known, many questions regarding its specificity remain unresolved. Here, using FTIR difference spectroscopy and a dual pH/peptide titration assay, we show that rhodopsin maintains certain flexibility upon binding the "finger loop" of visual arrestin (prepared as synthetic peptide ArrFL-1). We found that two distinct complexes can be stabilized depending on the protonation state of E3.49 in the conserved (D)ERY motif. Both complexes exhibit different interaction modes and affinities of ArrFL-1 binding. The plasticity of the receptor within the rhodopsin/ArrFL-1 complex stands in contrast to the complex with the C terminus of the G t ␣-subunit (G␣CT), which stabilizes only one specific substate out of the conformational ensemble. However, G t ␣-subunit binding and both ArrFL-1binding modes involve a direct interaction to conserved R3.50, as determined by site-directed mutagenesis. Our findings highlight the importance of receptor conformational flexibility and cytoplasmic proton uptake for modulation of rhodopsin signaling and thereby extend the picture provided by crystal structures of the rhodopsin/arrestin and rhodopsin/ArrFL-1 complexes. Furthermore, the two binding modes of ArrFL-1 identified here involve motifs of conserved amino acids, which indicates that our results may have elucidated a common modulation mechanism of class A GPCR-G protein/-arrestin signaling. This work was supported by the Deutsche Forschungsgemeinschaft EL 779 (to M. E.), SFB 1078 (to F. J. B. and P. S.), Deutsche Forschungsgemeinschaft Cluster of Excellence "Unifying Concepts in Catalysis" Research Field D3/E3-1 (to P. S.), and SFB 740 to (P. W. H., P. S., and K. P. H.), and the European Research Council TUDOR (to K. P. H.).
Unlike other class A G protein-coupled receptors (GPCRs) 2 the photoreceptor rhodopsin contains the light-sensitive cofactor retinal as a ligand, which is covalently bound to the opsin apoprotein. Upon light-induced cis/trans isomerization of retinal and subsequent alterations within the binding pocket, the signal propagates via GPCR-conserved interhelical networks toward the cytoplasmic surface of the receptor, where major structural rearrangements take place. The most prominent structural change is the rotational outward tilt of transmembrane helix (TM) 6, which opens a cytoplasmic binding crevice and thus constitutes the main prerequisite for binding and activation of signaling via the G protein transducin (1, 2) . Even though first identified in rhodopsin, for many other GPCRs homologous structural changes have been shown to exist, and a common structural and functional framework for GPCRs is being developed (3) .
Binding of arrestins to their cognate receptors blocks G protein signaling and is, for most GPCRs, connected to distinct G protein-independent signaling pathways (4) . The interaction of arrestin occurs via initial "prebinding" to the phosphorylated receptor (5) followed by binding of the arrestin "finger loop" (6, 7) which recognizes the active receptor conformation (8) . The necessity of prebinding is circumvented in the naturally occurring arrestin splice variant p44 lacking the C-tail (9, 10) .
Crystal structures of active GPCRs in complex with G protein or arrestin-1 (visual arrestin) have been reported, revealing the overall architecture of the interacting binding partners (11, 12) . Fig. 1A shows the binding interface of a constitutively active, thermostable, and unphosphorylated opsin mutant (E3.28Q/M6.40Y and N2C/N282C), bound to the finger loop of preactivated arrestin-1 (3A murine arrestin; substitutions, L374A, V375A, F376A, residues 10 -392) as determined by serial femtosecond X-ray crystallography (12) . The M76 3 backbone carbonyl of the arrestin finger loop forms a hydrogen bond to N8.47 of the receptor (d ϭ 3.0 Å). The M76 side chain has however not been resolved in this crystal structure indicating substantial flexibility. On the receptor side, substituted M6.40Y forms a stable hydrogen bond to highly conserved R3.50 (3.1 Å), resulting in the strong constitutive activity observed for this mutant (13, 14) . A more recently published structure of the rhodopsin/arrestin complex shows an almost identical arrangement of the two binding partners and also reveals the hydrogen bond between R3.50 and M6.40Y (5) . Interestingly, this hydrogen bond stabilizes the R3.50 side chain in a conformer too far away from highly conserved Y5.58 to make a direct interaction (3.9 Å). This link has been suggested as crucial for stabilization of the active receptor conformation (2, 15) and G t activation (16) . Further examination of the structure suggests that the changed hydrogen bond network, because of the activating M6.40Y mutation, prevents the R3.50 guanidinium group from forming intermolecular bonds with the arrestin finger loop. However, the interaction between R3.50 and the finger loop is present in the crystal structure of native light-activated rhodopsin in complex with the arrestin finger loop peptide ArrFL-1 (Fig. 1B ). In this crystal structure, distances are such that two strong intermolecular hydrogen bonds between R3.50-G75 (2.7 Å) and the backbones of K8.48-G76 (3.0 Å) are formed, and also an additional intramolecular R3.50-Y5.58 (3.2 Å) bond is within range of hydrogen bonding (17) .
In addition to the perturbation which might be introduced by stabilizing inserts or mutations, crystal structures represent only a single low energy conformation stabilized by the crystal lattice. GPCRs in situ, however, exist in a variety of different conformations in equilibrium whose populations are dependent on environmental variables, the characteristics of intracellular/extracellular binding partners, and bound ligand (3, 18 -20) . In the case of light-activated rhodopsin, the agonistbound equilibrium conformations have been identified as "Metarhodopsin" states, each characterized by a specific arrangement of crucial amino acids and their connecting hydrogen bond networks. These "microswitches" (21) are built on residues conserved among GPCRs and thus corresponding conformational states can be delineated for other receptors (Scheme 1).
The agonist-bound receptor conformations are either active (R*) or inactive (R) conformations referring to whether or not TM6 outward tilt has occurred. Final proton uptake at the open binding crevice neutralizes E3.49 from the conserved (D)ERY motif (22) , which results in the pH independence of the conformational equilibria for the E3.49Q mutant (23) . Concomitantly, TM5 is stabilized in an inward position, thereby hindering TM6 to adopt its inactive inward position (2, 16) . In native membranes, proton uptake occurs with an apparent pK a of 7.5, hence a significant amount of agonist-bound receptor exists in the deprotonated active R* conformation (22, 24) and binding of arrestin to R* could play an important role during signal shutoff, G protein-independent (arrestin) signaling, or receptor internalization in non-rhodopsin GPCRs (25) .
In the present study, we employ a dual pH/peptide titration assay, site-directed mutagenesis, and FTIR double difference spectroscopy to answer the following questions on arrestinreceptor interaction: (i) Which of the receptor conformations shown in Scheme 1 interact with the arrestin finger loop, and do the resulting protein complexes exhibit distinct binding modes? (ii) To what extent is R3.50 involved in binding the finger loop? This is of special interest because R3.50 is one of the highest conserved amino acids within the class A of GPCRs and its mutation is known to cause autosomal dominant retinitis pigmentosa (26, 27) . (iii) Finally, we hope to resolve the conflicting pictures of the rhodopsin/finger loop-binding interface provided by X-ray crystallographic studies ( Fig. 1 ).
Full-length arrestins are known to undergo substantial conformational changes upon binding to the active receptor (8, 10, 29) . Such changes interfere with identifying receptor changes when monitored by FTIR spectroscopy, making unambiguous band assignments challenging (30) . Therefore, to allow more straightforward and unambiguous interpretation of our data, we made use of ArrFL-1, a synthetic peptide derived from the finger loop of arrestin-1 (rod visual arrestin, 67 YGQEDID-VMGL 77 ) (31) . The finger loop constitutes the key interaction site of arrestins with their cognate GPCRs (32) and ArrFL-1 has been shown to compete with full-length arrestin for the same receptor-binding site (17) . This makes ArrFL-1 a robust and powerful tool to investigate binding of the arrestin finger loop to rhodopsin.
Results

ArrFL-1/pH dual titration assay
In Fig. 2A , normalized FTIR difference spectra of native rhodopsin in urea-washed membranes are shown. The difference 
Scheme 1
Binding promiscuity of the arrestin-1 finger loop spectra were calculated from spectra recorded before and after photoactivation at pH values between 6.0 and 9.1. From such difference spectra, fingerprints of active and inactive receptor conformations can be derived (33) . A good measure of the amount of active species is the positive difference band at 1744 cm Ϫ1 , which has been assigned to the reorganization of a hydrogen bond network connecting TM3 and TM5 occurring during receptor activation (34) . The intensity increase at this frequency as the pH is lowered indicates that the active conformation is stabilized by proton uptake and formation of R*H ϩ (cf. Scheme 1).
A plot of the normalized intensity change at 1744 cm Ϫ1 versus pH is shown in Fig. 2C ((1744 cm Ϫ1 ), blue symbols). At pH 6 the receptor molecules are quantitatively present in the protonated active conformation (R*H ϩ ). Receptor deprotonation, occurring with an apparent pK a of 7.5, releases the receptor into an equilibrium between R and R* states (24) . At the alkaline end point of the titration (approx. pH 9) about 35% of light-activated rhodopsin exists in the deprotonated conformation (R*), whereas the remaining 65% exists as inactive R. It is important to emphasize that proton uptake is not the cause for TM6 outward movement but is instead its consequence (35, 36) . Hence formation of the cytoplasmic binding crevice for G protein and arrestin interaction occurs already in R*, although catalytic activity toward the G protein requires the fully accomplished binding site of the protonated R*H ϩ state (37) . A finding which is in agreement with the C-terminal peptide of the G t ␣-subunit stabilizing exclusively the protonated R*H ϩ conformation (38).
In the presence of 10 mM ArrFL-1 peptide, several additional bands appear in the difference spectrum which reflect bindinginduced structural changes in both binding partners, as well as newly formed specific interactions between them ( Fig. 2B ). Additionally, binding of ArrFL-1 peptide leads to a pronounced stabilization of the active conformations as indicated by the overall more consistent intensity of FTIR difference bands in the amide regions (amide I around 1650 cm Ϫ1 , amide II around 1550 cm Ϫ1 ) and above 1700 cm Ϫ1 (protonated side chain carboxyls), even at high pH. Evaluation of values at 1744 cm Ϫ1 reveals a slight upshift of the apparent pK a and a significant increase of the alkaline end point level, i.e. the amount of the deprotonated active conformation R* (Fig. 2C, green) . This trend is clearly dependent on the ArrFL-1 concentration: At 20 mM ArrFL-1 the apparent pK a is around 8.1 and the alkaline end point level is approximately 70% (Fig. 2C, magenta) .
To globally evaluate the stabilizing effect of increasing peptide concentration on the equilibria of receptor species and to determine the ArrFL-1 binding constants to the R* and R*H ϩ conformations we extended Scheme 1 by two more receptor species representing the ArrFL-1 interacting conformations (Scheme 2).
The connecting equilibrium constants and respective binding affinities to R* and R*H ϩ can be deduced from a global fit of this model to all data points in Fig 
Peptide-binding spectra
ArrFL-1 binding leads to the occurrence of additional difference bands overlapping those reflecting receptor activation (e.g. the positive band at 1659 cm Ϫ1 ) ( Fig. 2B ). To be able to directly compare the modes of interaction between the arrestin finger loop and the deprotonated or protonated receptor species (R*⅐ArrFL-1 and R*H ϩ ⅐ArrFL-1), we calculated the so-called peptide-binding spectra (PBS), which have been used repeatedly to characterize conformational changes and new molecular interactions formed because of peptide binding (38, 39). FTIR difference spectra were measured in the presence and (23), which leads to stabilization of the active R*H ϩ conformation and an intensity increase of difference bands indicating activating structural changes. The band at 1744 cm Ϫ1 is a suitable monitor of the active conformations R* and R*H ϩ and it is isolated from other changing absorbance bands. B, addition of 10 mM ArrFL-1 leads to several additional difference bands (e.g. 1659 cm Ϫ1 ). It also stabilizes the active conformation, because even at high pH the intensity of the 1744 cm Ϫ1 marker band reflects predominantly active conformation formed. C, evaluation of 1744 cm Ϫ1 intensity changes as a function of pH and ArrFL-1. With increasing ArrFL-1 concentration an upshift of the apparent pK a of proton uptake and an increase of the alkaline end point level are observed, which indicates stabilization of R* and R*H ϩ because of ArrFL-1 binding. For each pH value two datasets have been acquired independently and averaged, the deviation is shown as error bar.
Scheme 2
Binding promiscuity of the arrestin-1 finger loop absence of 20 mM ArrFL-1 peptide (⌬(w/ ArrFL-1) and ⌬(w/o ArrFL-1), gray and black lines in Figs. 3 and 4, respectively). As for all difference spectra shown in this manuscript, data analysis was performed using a combination of singular value decomposition (SVD) and global analysis (40) , which allows determination of pure difference spectra of the light-induced transition without any contribution of photoproduct decay. This approach led to extremely high signal to noise ratio and reproducibility, thus allowing the interpretation of all bands, which appear clearly above the noise level (see supporting information for assessment of signal to noise ratio). Subsequently, the PBS were calculated as the difference between the two difference spectra, i.e. the double difference: ⌬(with ArrFL-1) minus ⌬(without ArrFL-1). It is noteworthy that the PBS at high pH were also corrected for residual amounts of the inactive R conformation present in the sample. For this the inactive conformation was stabilized at low temperature and high pH; the respective difference spectra are given as supporting information.
We followed two strategies to decompose the PBS and assign specific FTIR difference bands to their molecular origins: First, H 2 O/ 2 H 2 O buffer exchange was conducted, which induces iso-topic shifts of hydrogen-coupled molecular vibrations. For example, the intense coupled CN 3 H 5ϩ vibration of arginine side chains absorbing between 1695 and 1650 cm Ϫ1 (in H 2 O) is known to experience considerable frequency downshifts or even decouples and vanishes entirely upon sample deuteration. In contrast, CϭO stretching vibrations of the protein backbone (amide I), also located in this region, exhibit only minor isotopic shifts (41) . Additionally, we investigated the effect of R3.50L substitution to obtain site-specific information on involvement of this key amino acid for arrestin binding, and to resolve the apparent discrepancy in the crystal structures (cf. Fig. 1 ). R3.50L mutation, just like E3.49Q mutation, completely abolishes the pH dependence of light-activated rhodopsin (23), therefore the PBS recorded at high pH did not have to be corrected for any contribution of inactive R.
In Fig. 3 the PBS and underlying difference spectra recorded under high pH conditions are shown. Under these conditions E3.49 is still deprotonated. Binding of G␣ C-terminal peptide to R*H ϩ has been shown to stabilize one specific substrate out of the receptor ensemble and the concomitant structuring of the peptide leads to a distinct negative band around 1530 cm Ϫ1 (38, 39), likely caused by hydrophobic interaction between the peptide and the inner faces of TM5 and TM6 (2). We observe a very Binding promiscuity of the arrestin-1 finger loop similar spectral feature in the PBS of R*⅐ArrFL-1 (Fig. 3, blue  line) , which suggests that there is a hydrophobic stabilization of ArrFL-1 occurring in the deprotonated binding mode, similar to what has been observed for G␣CT. The negative 1530 cm Ϫ1 feature is absent in the PBS recorded in 2 H 2 O (red line) supporting the notion that this band is a structurally sensitive amide II band of the flexible peptide in the unbound state (38, 41). 2 H 2 O also leads to decreased intensity in the 1695-1650 cm Ϫ1 region (arginine vibrations, see above). Because the PBS of the R*⅐ArrFL-1 complex is strongly influenced by R3.50L substitution, we conclude that R3.50 is taking part in the deprotonated binding mode.
ArrFL-1 binding to deprotonated R* furthermore leads to protonation of a carboxylate as clearly indicated by the positive (COOH) band at 1714 cm Ϫ1 , which experiences the characteristic 10 cm Ϫ1 downshift in 2 H 2 O and negative (COO Ϫ ) corresponding bands at 1565 cm Ϫ1 and 1405 cm Ϫ1 . Because E3.49 is still deprotonated and bound to R3.50 under these conditions, we attribute these difference bands to E6.30, which is liberated from R3.50 with formation of R* facilitating the activating outward tilt of TM6. This corresponds well to the R*⅐ArrFL-1-specific bands at 1237 and 1201 cm Ϫ1 , which have already been tentatively assigned to the formation of a hydrogen bond between K5.66 and E6.30 (16) . Formation of the K5.66-E6.30 hydrogen bond in R*⅐ArrFL-1 is consistent with the formation of the TM5/TM6 helix pair stabilized by hydrophobic contacts to ArrFL-1.
The most prominent differences observed for the protonated R*H ϩ ⅐ArrFL-1 complex are the two additional negative bands at 1692 and 1662 cm Ϫ1 (Fig. 4, blue line) . These bands appear to be very sensitive to H 2 O/ 2 H 2 O exchange (red line) and vanish completely upon R3.50L substitution (purple line), which again suggests R3.50 as the origin of these bands (symmetric and asymmetric guanidinium vibration, respectively). Because of proton uptake in R*H ϩ , the R3.50 side chain is liberated from the intrahelical salt-bridge to E3.49 and forms a new hydrogen bond to Y5.58 (16, 42) . This finding is in agreement with the crystal structure of the R*H ϩ ⅐ArrFL-1 complex, which shows this interaction and also the free -nitrogen of R3.50 forming a strong hydrogen bond to the arrestin finger loop (Fig. 1B) (17) . The strongest band in the PBS of R*H ϩ ⅐ArrFL-1 is the positive band at 1657 cm Ϫ1 , whose intensity increases in 2 H 2 O, probably because of the deuteration-induced shift of the negative arginine band at 1662 cm Ϫ1 . The origin of this intense amide I band is likely a solvent-exposed near ␣-helical conformation, similar to what has been described for the C terminus of the G t ␣-subunit. We attribute this band to the arrestin finger loop rather than the receptor, in agreement with crystal structures of rhodopsin⅐ArrFL-1, and an earlier NMR study describing a partially structured arrestin finger loop when bound to rhodopsin (31) . This coil-to-helix transition is missing upon R3.50L replacement, which again highlights the importance of the R3.50 interaction for binding and recognition of ArrFL-1.
Other intermolecular hydrogen bonds may occur between backbone residues of ArrFL-1 and e.g. helix 8, as suggested by the crystal structure (cf. Fig. 1) ; however, these interactions are buried in the amide I region and thus not reliably detected in this dataset (43) .
Discussion
Despite existing crystal structures of active GPCRs in complex with G protein and arrestin, many open questions remain regarding the mechanism of how GPCRs couple to their cognate G proteins and arrestins. Interconversion between different receptor conformations takes place on the microsecond to millisecond timescale, thus knowing the affinities to cytoplasmic binding partners is crucial for an understanding of G protein-dependent and -independent signaling. In its native lipid environment, rhodopsin exhibits several distinct and wellcharacterized conformations, representing an archetypical system for the investigation of GPCR-mediated signaling (44) . The equilibrium populations are susceptible to the bound ligand or cytoplasmic binding partners such as G protein or arrestin. Moreover, E3.49, part of the conserved (D)ERY motif, takes up a proton in the final steps of receptor activation, thus making proton concentration another variable to explore the conformational landscape (23, 35, 37) . The present study aimed to exploit this pH dependence of receptor activation to elucidate the binding promiscuity of the arrestin key binding site, ArrFL-1, and its interaction with light-activated rhodopsin.
ArrFL-1 promiscuity
In contrast to G␣CT, which stabilizes R*H ϩ exclusively, the key binding site of visual arrestin (finger loop, ArrFL-1) binds the activated receptor also in the absence of proton uptake. Binding to the protonated R*H ϩ receptor conformation occurs with an affinity of K D (R*H ϩ ) ϭ 3 Ϯ 2 mM. The relatively low affinity of ArrFL-1 indicates the influences of other binding interfaces between the arrestin holoprotein and active rhodopsin outside the ArrFL-1 sequence to achieve the high-affinity complex, in accordance with results from alanine scanning (45) or serial femtosecond X-ray crystallography (5, 12) . The affinity for formation of the deprotonated R* complex is even lower (K D (R*) ϭ 6 Ϯ 1 mM) and binding leads to the emergence of distinct FTIR difference bands. This corroborates the existence of two distinct binding modes and indicates that arrestin-1 can distinguish between different receptor conformations.
Characterization of the two different ArrFL-1 complexes
FTIR peptide-binding spectra recorded under R* or R*H ϩ favoring conditions provide final evidence for the existence of two distinct modes of ArrFL-1 binding. Both complexes appear to involve highly conserved R3.50, which is also a key residue during binding and activation of the G protein ␣-subunit (46) . However, the binding spectrum of the deprotonated complex indicates that R* exhibits a more open and more flexible conformation than R*H ϩ . Deprotonated R* seems to lack the hydrogen bond between K5.66 and E6.30, an important feature, which otherwise locks the activating inward and outward tilts of TM5 and TM6, respectively (3). Our FTIR-binding spectra strongly suggest that hydrophobic contacts of ArrFL-1 to the inner face of TM5, very similar to the interactions established by G␣CT ("hydrophobic patch"), are stabilizing this hydrogen
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bond in the absence of proton uptake and the concurrent R3.50-Y5.58 interaction.
The promiscuity of ArrFL-1 toward different active receptor conformations is in sharp contrast to the highly selective binding of the G protein ␣-subunit to R*H ϩ and shows similar specificity as binding of the G protein ␥-subunit. For comparison, the respective binding constants for the G protein-derived synthetic peptides to R*H ϩ have been reported as 330 M (G␣CT) and 4.2 mM (G␥CT), respectively (38), meaning that lower specificity yields a lower affinity complex. Like G␣CT, both ArrFL-1 complexes involve a hydrogen bond to the guanidinium side chain of key amino acid R3.50. According to earlier studies investigating the final steps of rhodopsin activation, proton uptake is linked to an inward stabilization of TM5 (2, 16, 38) and a decrease in conformational flexibility (24, 47) . We therefore propose that the more open and more flexible deprotonated R* conformation might allow a deeper penetration of ArrFL-1 into the cytoplasmic binding crevice formed by TM3, TM5, and TM6, leading to the observed stabilization of the peptide by contacts with inner surface of TM5 or TM6. Instead, E3.49 protonation is likely to induce finger loop helix formation as reflected in our PBS of R*H ϩ ⅐ArrFL-1.
Mechanistic implications and concluding remarks
Protonation of the highly conserved carboxylic acid side chain at position 3.49 is known to be critical for the catalytic activity of light-activated rhodopsin toward the inhibitory G protein transducin (37) . This is in accordance with the finding that binding of the key binding site of transducin, G␣CT, selectively stabilizes the protonated R*H ϩ conformation (38). However, the promoting effect of low pH has also been described for the ␤ 2 -adrenergic receptor and its activity toward the stimulating G protein G s (48) . In the present report we investigated how protonation of E3.49 affects binding of light-activated rhodopsin to the key binding site of visual arrestin (ArrFL-1). We show that ArrFL-1, in sharp contrast to G␣CT, is promiscuous, as it binds to both R* and R*H ϩ receptor conformations. Each of these two ArrFL-1 complexes exhibits different affinities and employs distinct modes of binding, which we were able to describe in detail. How far the two binding modes described here are connected to different conformations of holo-arrestin remains to be elucidated. Our findings correlate well with a biochemical study of the type-1 angiotensin receptor, which has shown that receptor binding to ␤-arrestin is less specific than its interaction with the G q ␣-subunit. ␤-arrestin binding occurred in the presence of all peptide agonists, whereas efficient G q binding was limited to a small subset of the ligands studied (49) . Rhodopsin activation has been described extensively, facilitated by natural abundance and its photochemical properties, which provide an ideal system for biophysical and biochemical characterization. Still, rhodopsin is considered "different" from GPCRs activated by diffusible ligands. This is mostly because rhodopsin possesses only one endogenous ligand (retinal), which is moreover covalently bound. However, it has been shown that the Schiff base linkage of all-trans-retinal is surprisingly unstable, allowing the agonist to exchange with external ligand (50) . Furthermore, a variety of retinal analogues have been synthesized and investigated on their functional properties. In particular, the selective (de-)methylation of the retinal polyene chain and its influence on the conformational equilibria of rhodopsin has been studied in great detail. These studies have identified how different ligand scaffolds are able to steer the receptor along its conformational landscape, consequently affecting the conformational equilibrium and the pK a of proton uptake (51) (52) (53) (54) .
Taken together, the combination of our results with studies of other GPCRs suggests that the R* and R*H ϩ conformations are part of a general structural and functional framework of GPCR signaling, modulated by proton uptake at residue 3.49. This implies that rhodopsin, despite its specific ligand properties, can be used as model system for studying GPCR functional selectivity. Even more, studies on retinal analogues could greatly improve our molecular understanding of functionally selective, diffusible ligands, which are able to bias activity toward either G protein or arrestin in other, "common" GPCRs.
Experimental procedures
Sample preparation
Rhodopsin membranes were prepared from frozen retinae (W.L. Lawson Co., Omaha, NE) as described earlier (28) . Briefly, samples of native urea-stripped rod outer segments membranes suspended in buffered solution (40 l, buffer A: 20 mM BTP, 100 mM NaCl, 1 mM MgCl 2 ) are pH adjusted by adding small drops of concentrated acid or base to the wall of the sample tube and then mixing quickly using a vortex. The sample is measured using a pH meter coupled to a microprobe. Note that these steps must be conducted in the dark under dim red light. The membranes are pelleted by centrifugation at 10,000⅐ϫ g. The pellet, ϳ1.5 l in volume and containing about 2.5 nM rhodopsin, is transferred with a small spatula to a BaF 2 sandwich cuvette (3 m optical path length). The loaded cuvette is placed in the sample chamber of the FTIR spectrometer (Bruker ifs66v/s, Ettlingen, Germany), and the sample undergoes an equilibration period of at least 2 h while the sample chamber is evacuated (p Ͻ 5 mbar). Data acquisition is performed in time-resolved rapid-scan mode with quasi-logarithmic time base (⌬t between 171 ms and 30 s). Light-activation of rhodopsin is achieved by illumination with three orange LEDs ( max ϭ 595 nm) for 10 s, which quantitatively activates the rhodopsin in the sample (16) . For experiments using peptide, the membrane pellet is resuspended with 40 l peptide solution (of desired concentration in buffer A) and pH is adjusted before second concentration to obtain the sample pellet.
Double titration assay, determination of binding constants
The pH/ArrFL-1 titration data were evaluated according to Elgeti et al. (38) . Briefly, difference spectra were calculated from time-resolved RapidScan data using the singular value decomposition and global analysis tools to obtain pure difference spectra without contribution of decay products as described earlier (40) . Subsequently, all difference spectra were normalized to the intensities in the 1050 -970 cm Ϫ1 region, where all light-activated conformations exhibit identical absorbance changes. The intensity of the 1744 cm Ϫ1 difference band was Binding promiscuity of the arrestin-1 finger loop then evaluated in a pH-dependent manner for all ArrFL-1 concentrations. For each pH value at least two independent datasets have been acquired and averaged; the deviation is given as error bar. To evaluate the binding constants the pH/ArrFL-1 titration data were subjected a global nonlinear least squares fit to the function:
Receptor concentration c R was determined to 1.6 mM by UV-visible spectroscopy using the extinction coefficient of rhodopsin at 500 nm (⑀ 500 ϭ 40,600 M Ϫ1 cm Ϫ1 ).
Peptide-binding spectra
Peptide-binding spectra (PBS) were determined as following: First, difference spectra in the absence and presence of 20 mM ArrFL peptide were recorded. In a second step the two difference spectra were subtracted (with peptide minus without peptide) to obtain the PBS. To calculate this double difference spectrum both difference spectra have to be normalized; we chose the 1050 -970 cm Ϫ1 region where mostly chromophore vibrations absorb. This second step is slightly more difficult for the PBS of the R*-ArrFL complex, because at high pH a significant amount of inactive R (Meta I) is present in the presence and absence of ArrFL. To subtract the amount of inactive R (Meta I) we calculated the following double difference spectrum: ⌬(w/ArrFL) Ϫ (A⅐⌬(w/o ArrFL) ϩ B⅐⌬(Meta I)) The prefactors A and B were determined by a least squares fit in the region 1010 -945 cm Ϫ1 , where Meta I exhibits a specific positive band (cf. Fig. S1 ).
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